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We report on measurements of differential cross sections (DCSs) for electron impact excitation of a series of Rydberg electronic-states in α-tetrahydrofurfuryl alcohol (THFA). The energy range of these experiments was 20-50 eV, while the scattered electron was detected in the 10
• -90
• angular range. There are currently no other experimental data or theoretical computations against which we can directly compare the present measured results. Nonetheless, we are able to compare our THFA DCSs with earlier cross section measurements for Rydberg-state electronic excitation for tetrahydrofuran, a similar cyclic ether, from Do et al. [J. Chem. Phys. 134, 144302 (2011)]. In addition, "rotationally averaged" elastic DCSs, calculated using our independent atom model with screened additivity rule correction approach are also reported. Those latter results give integral cross sections consistent with the optical theorem, and supercede those from the only previous study of Milosavljević et 
I. INTRODUCTION
It is now well-known that the deposition of energy, from ionising radiation into biological systems, can lead to the production of a significant number of secondary electrons. 1 Those secondary electrons can then undergo inelastic collisions with molecules in the biological media to populate excited states (vibrational and electronic-states), form neutral radical or ion species that can affect the biochemistry or break DNA strands.
1-3 Electron impact processes hence have the very real capability to cause cellular mutation or necrosis. As a consequence, and particularly over the last decade, there has been a demand for knowledge of low-energy electron interactions with species found in biological systems, in order to try and understand and model the effects induced by radiation. [3] [4] [5] [6] Examples of those systems include tetrahydrofuran (see Refs. 7-9 and references therein), pyrimidine (see Refs. 10-13 and references therein), and pyrazine (see Refs. 14 and 15 and references therein). For the purpose of understanding nano-dosimetry, 3 electron-impact differential a) Electronic mail: Michael.Brunger@flinders.edu.au cross sections (DCSs), σ i (E 0 , θ ), provide the most detail. Differential cross sections, such as we report here, represent the probability that an electron with energy E 0 incident on an atomic or molecular target will scatter into the θ -direction and leave that target in a final state denoted by i. The difficulty in performing experiments of electron scattering from large biomolecules, and in analysing the measured data, to determine absolute DCSs, has, unfortunately, made such experimental data relatively scarce. Furthermore, the large size of biomolecules still makes full-scale ab initio scattering calculations, which are generally required to accurately describe low-energy electron interactions with atoms and molecules, typically intractable. Given this historical paucity in the available experimental and theoretical data for the species that constitute biological matter, including the human body, although the situation in the species noted above has certainly improved matters, radiation induced damage to biological matter is often evaluated in water. 2, 3, 16, 17 Gas phase cross section data may further assist in modelling radiation damage and aid in the interpretation of results from large systems. This creates a pressing need for scattering measurements and the development of theoretical models (benchmarked against data where possible), that can precisely describe localised electron interactions with matter so that radiation induced damage might accurately be described. Note that the efficacy of using gas phase collision data for charged-particle track simulations in soft matter, has been addressed by White and Robson. 18 α-tetrahydrofurfuryl alcohol (THFA; C 5 H 10 O 2 ) is an excellent analogue moiety for the DNA backbone sugar deoxyribose (see Figure 1 in Bellm et al. 19 and Fig. 1 of this paper). As a consequence, our group has conducted a series of gas phase studies on its absolute photoabsorption cross section and photoionisation behaviour, 20 a quantum chemical investigation of its excited electronic-state spectroscopy, 20 absolute DCS and integral cross section (ICS) measurements for electron-impact vibrational excitation 21 and a preliminary report describing ICS measurements for electron excitation of a series of its Rydberg electronic-states. 22 In that latter paper we also reported theoretical results from our independent atom model (IAM) with screened additivity rule (SCAR) correction computations, for the total cross section (TCS), elastic ICS, inelastic ICS (all discrete electronic-states and neutral dissociation), and the total ionisation ICS. 22 Here, we conclude this work by reporting the corresponding Rydberg electronicstate DCSs and our IAM-SCAR elastic DCSs. Note that a full summary of previous investigations for photon, electron, and positron scattering from THFA can be found in Refs. 20-22 and so we do not again repeat that detail here. Irrespective of our desire to provide accurate cross section data for chargedparticle track simulation studies, [2] [3] [4] [5] 16 as well as to assist in the benchmarking of theory, THFA possesses several intrinsic physico-chemical properties which, from our experience with other scattering systems, [23] [24] [25] [26] are anticipated to play important roles in the collision dynamics. Specifically, THFA has a strong permanent dipole moment of magnitude ∼2 D 27 and a significant dipole polarisability of ∼70.18 a.u. 28 Note that these values are consistent with those from our own MP2/ccpVTZ level calculations 20 for the main A and C conformers in THFA. We therefore also wished to investigate if those physico-chemical properties manifested themselves in the behaviour of the electronic-state DCSs, in particular in their angular distributions, of THFA.
Details of our measurement and analysis procedures are given in Sec. II. Thereafter, a brief description of our IAM-SCAR approach is provided, before in Sec. IV our experimental results are presented and discussed. Finally, in Sec. V, some concluding remarks are drawn.
II. EXPERIMENTAL DETAILS AND ANALYSIS PROCEDURES
To determine absolute DCSs for electron impact excitation of the series of Rydberg electronic-states 26 in THFA, we begin with measurements of electron energy loss spectra (EELS). A typical example of an EELS from this study is given in Fig. 2 , which also indicates the excitation energies for the electronic spectrum of the isomers A and C (see Fig. 1 ) of THFA as calculated by Limão-Vieira et al. 20 Those energy loss spectra were collected with an apparatus based at Flinders University, as originally described in Brunger and Teubner. 29 Nonetheless, to ensure this paper is self-contained, we note that in this work a monochromated beam of 20-50 eV elec-FIG. 2. Typical electron energy loss spectrum of THFA at E 0 = 50 eV, θ = 15 • . The overall spectral deconvolution fit is denoted by the solid red line, while the fits to the various bands are also shown by the dashed lines. The short-dashed green lines represent spectral features of individual spectral deconvolution bands (bands 1-5, respectively), while the blue longer dashes indicate the bands which are subsequently combined together (i.e., bands 1+2, band 3, and bands 4+5). 22 Also indicated are the excitation energies for the electronic spectrum of the isomers A and C of THFA as calculated by Limão-Vieira et al. 20 trons, with a typical current of 1-3 nA, was incident on an orthogonal beam of THFA molecules. That molecular beam was formed by allowing vapour from a high-purity THFA sample (Sigma-Aldrich, 99% assay) to effuse through a single capillary of 0.7 mm internal diameter. Unfortunately, at room temperature the vapour pressure of THFA is rather low (P = 186 Pa ≡ 1.4 Torr at 25
• C 30 ), so that we needed to warm our sample to ∼55
• C in order to produce sufficient vapour at the interaction region. Note that to facilitate a stable THFA beam, the gas handling lines and vacuum chamber were heated to ∼60
• C. Under the stable beam conditions maintained during the EELS measurements, the THFA vacuum chamber pressure was always kept below 1 × 10 −5 Torr to ensure multiple scattering effects could be neglected. In the present investigations the overall instrumental energy resolution was ∼65 meV (FWHM), while the scattered electron angle (θ ) range was 10
• . EELS were collected at each scattering angle and incident electron energy (20, 30, 40 , and 50 eV) by recording the number of scattered electrons detected at each energy loss value. The true electron count rate at each given energy loss was recorded using a multichannel scaler synchronised to a linear voltage ramp that varied the detected energy loss between −0.2 and 10 eV. In this way a given EELS is built up by continually scanning over the selected range of energy loss values, so that the effect of any variations in the target beam flux or incident electron current on an EELS is minimised. In general, at each E 0 and θ , the EELS were measured 2-4 times to ensure reproducibility of the inelastic to elastic ratios (see below) to within the experimental uncertainty.
In Ref. 22 we previously outlined our spectral deconvolution approach, and the basis 20, 22 for that approach, and so we also do not repeat that detail again here. Rather, we simply note that the various EELS were deconvoluted, using a standard least-squares fitting procedure, into contributions arising from each individual or unresolved combination of excited electronic-states. Either one or two Gaussian functions were employed to describe the spectral profiles for each resolvable inelastic feature and the elastic scattering peak. The positions and widths of the Gaussians for each inelastic feature were established through a consideration of the experimental photoabsorption spectrum 20 and our experimental energy resolution. The peak energies and indicative spectral widths of the electronic-state features that we used in our spectral deconvolutions, for each of the five bands identified in the EELS for THFA, are given in Table 1 of Duque et al., 22 with those bands of states and their components from the deconvolution being indicated in Fig. 2 . The detailed quantum chemical calculations given by Limão-Vieira et al., 20 also permit us to believe that bands 1+2, 3, and 4+5 in Fig. 2 are largely composed of transitions of Rydberg character for the 4 conformers expected to be present in our THFA sample. Specifically, ab initio calculations were performed by Limão-Vieira et al. 20 to determine the geometry and excitation energies of the neutral molecules (see Tables 3-8 in Ref. 20) , using the MOLPRO program. 31 The geometry was optimised at the MP2 level using Dunning's cc-pVTZ and aug-cc-pVDZ atomic orbitals basis sets. 32 Six conformers, labelled A-F, were studied in that investigation. The electronic spectra were computed TABLE I. Present experimental electronic-to-elastic ratios (×10 −3 ), differential cross sections (×10 −23 m 2 /sr), and related uncertainty (%) for electron-impact excitation of the Rydberg-states of THFA found in bands 1+2 (energy loss range 6.2-7.6 eV). at the equation of motion-coupled cluster with singles and doubles (EOM-CCSD) level. 33 For that, the aug-cc-pVDZ basis set was used, and a set of (6s 6p 5d) diffuse functions, taken from Kaufmann et al., 34 was added on the C 2 carbon atom for a better description of the Rydberg states. Full details of the electronic-state assignments can also be found in Tables 3-8 of Limão-Vieira et al. 20 Note that the calculated energies of the excited electronic-states of the two most populated A and C conformers 20 (estimated to make up ∼74% of our THFA sample) are also shown in Fig. 2 . Further note that the electronic-state spectroscopy, at least qualitatively, of THFA appears to be very similar to that for the structurally related compound tetrahydrofuran (THF). 8 The amplitudes of the Gaussian functions were now varied in a least-squares fitting procedure to provide the best fit to the measured spectra (see Fig. 2 ). The ratio (R) of the area under the fitting function for each ith inelastic band to that under the elastic feature, at each E 0 and θ , is simply related to the ratio of the differential cross sections from:
Note that Eq. (1) is only valid if the transmission efficiency of the analyser remains constant over the energy loss and angular range studied, or is at least well characterised. Following an approach similar to that of Allan, 35 an additional focusing lens (synchronised to the voltage ramp) was also employed to minimise variations in the angular transmission efficiency for electrons detected with different energy losses. Our results suggest that the efficiency is unity, to within an uncertainty of 20%. The results for the present measured R i , for each of bands 1+2, 3, and 4+5 of Rydberg states, are given in the first column of Tables I-III, respectively. It should be apparent from Eq. (1) that the product of R i × σ 0 then gives the required Rydberg-band differential cross section provided σ 0 is known. In this work, and in our previous electron-THFA papers, 21, 22 we have utilised our IAM-SCAR elastic differential cross sections at 20, 30, 40, and 50 eV (see Sec. III for details) to set the absolute inelastic scale at each E 0 and θ , with a selection of those theoretical elastic results being plotted in Fig. 3 . It is clear from Fig. 3 that each of these rotationally averaged elastic DCSs are very strongly forward peaked in magnitude as you go to smaller scattered electron angles. Note that no measured elastic DCSs currently exist in the literature to compare our computations against and thus possibly validate them. However, there are several examples of elastic DCS for other species (e.g., Refs. [36] [37] [38] where the comparison between the IAM-SCAR DCS and independent measurements is very good down to energies of ∼20 eV. There are also cases where such a comparison is only accurate to energies of ∼50 eV and above. 24, 26, 39 Nonetheless, for the chemically similar and fellow cyclic ether species THF, the IAM-SCAR is found to be in good accord with available measurements 40, 41 at energies of 20 eV and above. We are therefore quite confident it will be similarly applicable here. There is, however, one caveat to this last statement. Returning to Fig. 3 then on closer inspection each of the elastic THFA DCS exhibit a small "kink" in their angular distribution, with the scattering angle at which it occurs being energy dependent. This "kink" arises due to a normalisation procedure in the IAM-SCAR which ensures that integral cross sections derived from integration of the molecular DCS are entirely consistent with those determined from the atomic ICS in conjunction with the optical theorem 42 (see Sec. III). As a consequence, for scattering angles at 10
• and 15
• (i.e., in the region relevant to our ratio measurements) and on the basis of what we find in THF when comparing experiment and the IAM-SCAR results our calculated THFA elastic DCS are scaled up using the THF experimental DCS to theory DCS ratio at 10
• or 15
• and at each E 0 . While this is actually a relatively small correction, we believe it was important to make it. The results of our inelastic DCSs, and their associated uncertainties, are listed in Tables I-III for impact excited Rydberg-states found in bands 1+2, band 3, and bands 4+5. These data are also plotted in Fig. 4 .
Finally, we have paid some attention to the identification and quantification of all possible sources of error in this study. Here the statistical errors associated with the scattering intensity measurements (i.e., the EELS) are small (≤2%). An additional error due to our analyser transmission calibration (∼20%) must also be considered. While the inherent uncertainty in our IAM-SCAR elastic DCS calculations are negligible, we have found from past experience [36] [37] [38] 40 that it can often reproduce the data to 10% or better. Hence a 10% uncertainty on our elastic DCS has been incorporated into our analysis. Another important source of possible error is that associated with the numerical deconvolution of the energy-loss spectra, so that an allowance for this is also made in the overall DCS uncertainties. When all these components are combined in quadrature, the errors on our DCS are found to be in the range 23%-47% with the precise error depending on the energy, scattering angle and Rydberg band in question. 
III. THEORY
Our IAM-SCAR approach has already been extensively used to calculate electron scattering cross sections for a wide variety of atomic (see, e.g., Ref. 43 ) and molecular targets (see, e.g., Refs. 24, 26, 36-41, and 44) and over a broad energy range. Therefore, we only précis the salient points of this method here. The initial subjects of our calculations are the individual atoms that constitute the target molecule, i.e., carbon (C), hydrogen (H), and oxygen (O) in this case. Our atomic optical model is based on a potential scattering approach, where the complex potential V (r) is given by
Here V s (r) is the usual Hartree potential of the target, V ex (r) represents the exchange interaction of Riley and Truhlar, 45 V p (r) is the dipole polarisation potential of Zhang et al. 46 and V a (r) is the imaginary absorption potential of Staszewska et al. 47 Owing to the final term in Eq. (2), the optical model potential method yields complex phase shifts which are then employed to calculate the differential and integral cross sections for elastic and inelastic scattering. Note that for this paper only the elastic DCS are important.
To calculate the cross sections for molecules, we follow the IAM by applying a coherent addition procedure known as the additivity rule (AR). In this approach, the molecular scattering amplitude is derived from the sum of all the relevant atomic amplitudes, including the phase coefficients, therefore leading to the DCSs for the molecule in question. A limitation with the AR is that no molecular structure is considered, so that it is really only applicable when the incident electrons are so fast (E 0 ≥ 100 eV) that they effectively only see the target molecule as a sum of the individual atoms. To reduce the effect of that limitation, we introduced the SCAR method 48 which considers the geometry of the relevant molecule (atomic positions and bond lengths) by employing some screening coefficients. With this correction, as we noted earlier, the range of validity might be extended down to incident energies of ∼20 eV.
The IAM-SCAR approach discussed above does not account for vibrational and rotational excitations. However, for polar molecules such as THFA, additional dipole-induced excitation cross sections can be calculated following Jain. 49 In that approach, rotational excitation DCSs for a free electric dipole are calculated in the framework of the first Born approximation. These results can then be incorporated into our IAM-SCAR calculation in an incoherent manner, simply by adding up the cross sections as independent channels. As in general the experiments measure rotationally averaged elastic DCS, the Born-dipole rotational cross sections are added to the "pure" elastic IAM-SCAR DCS to ensure the experimental conditions are accounted for. A selection of our DCS results from the current computations is given in Fig. 3 .
IV. RESULTS AND DISCUSSION
In Tables I-III we, respectively, present the current measured differential cross sections for electron impact excitation of the Rydberg-states found in bands 1+2, band 3, and bands 4+5 in THFA. Also shown in these tables are the associated overall errors on those DCSs, which are reported to the one standard deviation level. All these data are also plotted in Fig. 4 , at each of 20 eV, 30 eV, 40 eV, and 50 eV. In Fig. 4(b) we additionally plot our rotationally averaged IAM-SCAR elastic DCS, scaled by a factor of 0.01. This enables us to, at 30 eV, compare the angular distributions of the electronic-states to that for elastic scattering and to indicate just how much smaller in magnitude the electronicstate excitation cross sections are relative to that for the elastic channel.
There are several general trends that emerge from a consideration of the differential cross section data in Fig. 4 . First, at each energy, the shapes of the inelastic angular distributions of each of the Rydberg bands of electronic-states, at least to within the stated errors, are almost identical. This is consistent with results for Rydberg-state excitation from our earlier study into electron impact scattering from nitric oxide (NO). 50, 51 Second, again at each energy and for all the Rydberg bands, the angular distributions (shapes) are strongly peaked in magnitude as you go to smaller scattered electron angles. This behaviour is consistent with the important role played by both the permanent dipole moment and dipole polarisability of the target in the dynamics of this scattering system. Finally, it is clear that in each case the magnitudes of the DCSs for bands 4+5 are significantly larger than the DCSs for bands 1+2 which are in turn a little larger in magnitude than those for band 3. This latter observation is entirely consistent with the EELS data in Fig. 2 . As we noted above, in Fig. 4(b) we have also included the rotationally averaged elastic DCS from our IAM-SCAR calculations (scaled by a factor of 0.01). Here we see that while the elastic and inelastic DCSs are similar in shape, there is a subtle difference between them. Namely, the magnitudes of the DCSs at middle angles for the inelastic excitation processes are relatively stronger, compared to those at forward angles, than in the elastic scattering case. It is known that the phenomenon of electron exchange tends to make a larger contribution to the collision cross sections at middle and backward angles, compared to forward angles, so that perhaps the result in Fig. 4(b) suggests that exchange is relatively more important in describing the inelastic processes than the elastic process in THFA. This is a little speculative on our part, theory being required for a quantitative explanation of this point.
In Fig. 5 we now compare the DCSs for THFA and THF, 8 for electron impact excitation of their corresponding Rydberg bands 1+2 and band 3 electronic-states. Here we find that for scattering angles less than ∼30
• , the DCSs of bands 1+2 and band 3 in both THFA and THF, to within their errors, are very similar in magnitude. Note that this statement holds at each of 20, 30, and 50 eV incident energies. Recall that THFA and THF have similar magnitude permanent dipole moments (μ). 22 Therefore, perhaps the above observation might be explained in terms of the dipole moment dominating the scattering dynamics in this forward scattered electron angular range, where all the cross sections are strongly peaked in magnitude, so that the similar THFA and THF magnitudes echoes their similar values for μ. At scattering angles greater than and equal to about 30
• , again at each energy plotted in Fig. 5 , the magnitudes for the relevant THFA DCS Rydberg bands are typically larger than those of THF. As the dipole polarisability is, to first order, an indicator for the extent of the molecular charge cloud and, in a semi-classical sense, you are more likely to "hit" a larger target than a smaller target (i.e., have a larger cross section), perhaps this behaviour at middle angles is a representative of the THFA dipole polarisability being quite a bit larger than that for THF (α ∼ 47.08 a.u. 52 ). In this context, we are therefore suggesting that the middle angle inelastic scattering dynamics are being more strongly influenced by the target dipole polarisability. Note, however, a quantitative understanding for the comparative THFA and THF inelastic DCS behaviour in Fig. 5 also awaits detailed theoretical calculations for both species.
V. CONCLUSIONS
We have reported on differential cross section measurements for electron impact excitation of electronic-states in THFA in the energy range 20-50 eV. No independent theory or measured data are currently available to directly compare against those results, although we hope this work stimulates such further studies. The shapes of the angular distributions of the present DCSs, at each energy studied, are consistent with dipole-effects playing a major role in governing the collision dynamics in this scattering system. We have also presented 'rotationally' averaged IAM-SCAR elastic DCSs, that supercede some earlier results, 53 which played a pivotal role in setting the absolute cross section scales on our inelastic results. When we compared the present THFA electronicstate DCSs to corresponding results in the structurally similar cyclic ether THF, at the relevant energies and for Rydberg bands of states where such a comparison was possible, we found subtle differences between them. In particular, for θ ≥ 30
• the magnitude of the THFA DCSs were usually larger than those for THF with the quantitative explanation for this observation not yet being clear. Nonetheless, on the basis of this comparison, we speculated that while the forward angle scattering dynamics were largely being driven by the species respective permanent dipole moments, the observed middle and more backward angle behaviour might reflect the role of their dipole polarisabilities. This paper represents the final in a series of papers that looked at cross sections for vibrational 21 and electronic-state 20, 22 excitation processes in THFA. Extensive electronic-structure computations were also reported. 20 Together with that earlier work, here we have gone one step further in fulfilling one of the rationales behind these investigations. Namely, constructing a THFA data base that might be employed for charged-particle track simulation purposes. We note that this latter aim has been further enhanced by the recent total ionisation cross section data from Bull et al. 54 
